. Impaired contractile function due to decreased cardiac myosin binding protein C content in the sarcomere.
mice revealed prolonged QRS and QT intervals, which are known risk factors for cardiac arrhythmia. Collectively, our data show that reduced MyBP-C expression and phosphorylation in the sarcomere result in myofilament dysfunction, contributing to contractile dysfunction that precedes compensatory adaptations in Ca 2ϩ handling, and chamber remodeling. Perturbations in mechanical and electrical activity in MyBP-C ϩ/Ϫ mice could increase their susceptibility to cardiac dysfunction and arrhythmia.
cardiomyopathy; myosin binding protein C; contractile function; cross-bridge kinetics; myocardium MUTATIONS IN CARDIAC myosin binding protein C (MyBP-C) are among the most common causes of familial hypertrophic cardiomyopathy (FHC), an autosomal dominant disease with variable disease onset, penetrance, and phenotypic presentation (40) . Millions of people worldwide carrying MyBP-C mutations are at significantly higher risk for developing cardiac disease and sudden cardiac death (48) , and the majority of MyBP-C mutations are expected to produce C-terminal truncated proteins. However, to date these truncated proteins have not been found in myocardial samples isolated from patients with MyBP-C mutations (25, 34, 58) , but rather a decrease in the total amount of MyBP-C has been reported, likely due to degradation of unstable mutant MyBP-C by cell surveillance mechanisms (8) . Despite an intense research effort in the last few years, the mechanisms by which mutations in MyBP-C cause disease, and specifically mutations that cause a decrease in MyBP-C expression in the heart, are still not understood.
MyBP-C is a thick filament protein localized in regular intervals in the C zone of the A band of the myofilament and regulates myofilament contractile mechanics through its phosphorylation via interactions with actin and myosin (reviewed in Refs. 2, 3, 26, 43) . The absence of MyBP-C leads to accelerated cross-bridge kinetics at the myofilament level (29, 50) and to myocyte disarray and fibrosis at the tissue level (7, 22) . At the organ level, MyBP-C knockout (MyBP-C Ϫ/Ϫ ) mice exhibit profound left ventricular (LV) hypertrophy (4, 7, 22, 41, 44) and early-onset contractile dysfunction (4, 7, 22) . In contrast, heterozygous MyBP-C (MyBP-C ϩ/Ϫ ) null mice, which express ϳ25% less MyBP-C than wild-type (WT) mice, present with very mild or no hypertrophy (7, 22) yet still display early-onset mechanical dysfunction (15) . Thus the mechanisms by which altered MyBP-C expression in the sarcomere contribute to altered whole organ contractile dysfunction remain elusive.
The primary effect of MyBP-C mutations is expected to manifest as a defect in the regulation of myofilament function in response to Ca 2ϩ activation, and indeed, mechanical experiments on myocardial preparations isolated from hearts of patients carrying MyBP-C mutations have shown decreased force-generating capacities at maximal Ca 2ϩ activations and increased force-generating capacities at low levels of Ca 2ϩ activation (34, 58) . Furthermore, there is also evidence that MyBP-C is dephosphorylated in hearts expressing MyBP-C mutations (13, 58) ; however, it is not clear how this dephosphorylation, along with decreased MyBP-C expression, contributes to cardiac dysfunction. Also, it is not known if altered myofilament behavior in MyBP-C-deficient hearts causes downstream compensatory changes in signaling cascades that modulate the phosphorylation state of other key regulatory myofilament and Ca 2ϩ -handling proteins in the myocyte that could contribute to functional deficits observed at the organ level. Finally, because MyBP-C phosphorylation is crucial for modulating cardiac contractility (2, 3, 26, 43) , it is important to investigate whether MyBP-C deficiency impairs the contractile response to ␤-adrenergic stimulation.
The goal of the present study is to define the functional link between MyBP-C deficiency at the sarcomere and changes in the molecular mechanisms that modulate the function of the myofilament and Ca 2ϩ -handling machinery, which together regulate in vivo cardiac contractile function. We employed adult MyBP-C ϩ/Ϫ mice, which exhibit levels of MyBP-C deficiency similar to those of hearts of human patients possessing heterozygous MyBP-C mutations, and measured in vitro contractile function in skinned myocardium and intact cardiomyocyte and in vivo cardiac hemodynamic function and electrical activity. The utilization of a comprehensive integrative approach in this study will allow us to gain a deeper insight into the pathogenesis of MyBP-C-related FHC. Our data demonstrate that decreased MyBP-C expression in MyBP-C ϩ/Ϫ skinned myocardium causes a significant acceleration of rates of cross-bridge recruitment, resulting in increased force-generating capacity at low Ca 2ϩ activations compared with WT skinned myocardium. Furthermore, the remaining MyBP-C in MyBP-C ϩ/Ϫ myocardium is less phosphorylated than WT myocardium, which together with decreased total MyBP-C expression likely contributes to a decrease in cross-bridge stiffness. Treatment of skinned myocardium with protein kinase A (PKA) accelerated cross-bridge kinetics in both WT and MyBP-C ϩ/Ϫ skinned myocardium; however, the effect was more pronounced in WT skinned myocardium, thereby abrogating basal differences in cross-bridge behavior between the two groups. Despite a lack of LV hypertrophy, MyBP-C ϩ/Ϫ hearts displayed systolic and diastolic hemodynamic dysfunction compared with WT hearts in basal conditions, which was ameliorated following ␤-agonist infusion. Furthermore, MyBP-C ϩ/Ϫ animals displayed altered cardiac electrical activity as evidenced by prolonged ventricular contraction and repolarization. Collectively, these data suggest that altered myofilament function due to MyBP-C deficiency in MyBP-C ϩ/Ϫ mice can lead to impaired in vivo cardiac function and an increased risk for sudden cardiac death (SCD) even in the absence of LV hypertrophy. Normalization of contractile function in MyBP-C ϩ/Ϫ myofilaments and intact hearts following ␤-adrenergic stimulation suggests that basal contractile dysfunction in MyBP-C ϩ/Ϫ hearts is at least partly mediated by impaired MyBP-C phosphorylation. ϩ/Ϫ mice of the SV/129 strain at ϳ6 mo of age were used (22) .
MATERIALS AND METHODS

Ethical Approval and Experimental Model
Echocardiography
Myocardial function was evaluated by echocardiography at ϳ6 mo of age (n ϭ 7-10 per group). A Sequoia C256 system (Siemens Medical, Malvern, PA) with a 15-MHz linear array transducer was used as previously described (38) with anesthetized mice (1.5-2.0% isoflurane). Two-dimensional, two-dimensional guided M-mode, and Doppler echocardiographic studies of aortic and transmitral flows were performed via parasternal and foreshortened apical windows. Wall thickness and end-systolic (ESD) and end-diastolic dimensions (EDD) were measured, and ejection fraction (EF) and fractional shortening (FS) were calculated as previously described (38) .
Hemodynamic Measurements
In vivo LV contractile properties were assessed at ϳ6 mo of age (n ϭ 9 per group). Mice were anesthetized (1.5-2.0% isoflurane), intubated, and ventilated. A Millar 1.4-F microtip pressure-volume transducer catheter (Millar Instruments, Houston, TX) was introduced via the right carotid artery as previously described (45) . After baseline (BL) recording, 10 g/g body wt of dobutamine (Dob) was administered through the jugular vein and the peak ␤-adrenergic response was analyzed at 5 min postinjection. Endpoints related to heart rate (HR), LV pressure, EF, peak rate of LV pressure rise (dP/dt max), and the relaxation time constant were determined with the aid of PVAN/ Chart5 software (Millar Instruments).
Electrocardiogram
The telemetric ambulatory electrocardiogram (ECG) recordings were obtained at ϳ6 mo of age (n ϭ 8 -11 per group) with implantable transmitters (ETA-F10; Data Sciences International, St. Paul, MN). Mice were anesthetized with isoflurane, and a midline incision was made along the spine. The implantable wireless radiofrequency transmitter was aseptically inserted into a subcutaneous tissue pocket in the back, and the leads were placed at the right shoulder and lower left chest and sutured to the muscle. Following a recovery period from the transmitter implant surgery, the mice were placed in cages overlying a receiver for transmission of ECG signals to a computer for display and analysis. Subsequent to a 1-to 2-h acclimatization period when mice rested in their cages, telemetered ECG tracings were obtained in conscious mice during quiet awake time at rest for a total period of 2 h. Measurements of durations and intervals of waveforms taken from ϳ8 min of undisturbed tracings (monitored by activity channel recorded simultaneously) were performed with the aid of Ponemah software (Data Sciences International). Determination of QRS and QT segments was done according to previous studies (10, 46) . The corrected QT interval (QTc) was calculated using the Bazett formula: QTc ϭ QT/(RR/100) 1/2 , which is specifically modified for mouse ECG as previously described (36) .
Histological Assessment of Cardiac Morphology
Hearts were harvested (n ϭ 7) for histological evaluation of chamber modifications, potential fibrosis, and myocyte hypertrophy. All hearts were washed in cardioplegic buffer (containing in mM: 110 NaCl, 16 MgCl2, 16 KCl, 10 NaHCO3, 5 dextrose, and 1.2 CaCl2), formalin fixed, and paraffin embedded. The hearts were sliced at mid-LV level using a slicer matrix, and the sections were cut at 5-m thickness using a microtome. The cross sections were stained with either Masson's trichrome or hematoxylin and eosin (H&E) stain for gross morphology and fibrosis or cellular hypertrophy, respectively.
Myocyte Isolation and In Vitro Shortening and Ca 2ϩ Transients
Ventricular cardiomyocytes were isolated enzymatically from mouse hearts (n ϭ 4 -5 per group) using an enzymatic dispersion technique described previously (56) . Sarcomere shortening was assessed using a video-based sarcomere length detection system (IonOptix, Milton, MA) (16) . To measure intracellular Ca 2ϩ transients, myocytes were loaded with 2 M indo-1 AM (Invitrogen, Carlsbad, CA) and 0.025% (wt/wt) Pluronic F-127 (Invitrogen) for 20 min at room temperature. The intracellular indo-1 was excited at 355 nm, and the fluorescence emitted at 405 and 485 nm was collected by two matched photomultiplier tubes. Data were filtered at 200 Hz and sampled at 1 kHz. The ratio of the intensity of fluorescence emitted at 405 nm over that at 485 nm (F 405/485) was calculated after subtraction of background fluorescence and used to compare the time course and amplitude of intracellular Ca 2ϩ transients between groups of myocytes. The emission field was restricted to a single cell with the aid of an adjustable window (61) . Sarcomere shortening and Ca 2ϩ transients were initiated by field stimulation at 2 Hz at room temperature with 1.8 mM Ca 2ϩ and were measured simultaneously. All analysis of sarcomere shortening (n ϭ 55-69 per group) and Ca 2ϩ transients (n ϭ 50 -68 per group) was done using IonOptix software (IonOptix).
Myofilament Contractile Function
Solutions for skinned myocardium experiments. Solution compositions were calculated using the computer program of Fabiato (17) and stability constants listed by Godt and Lindley (19) corrected to pH 7.0 and 22°C. All solutions contained (in mM) 100 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 15 creatine phosphate, 5 dithiothreitol, 1 free Mg 2ϩ , and 4 MgATP. pCa 9.0 solution contained (in mM) 7 EGTA and 0.02 CaCl2; pCa 4.5 contained 7 EGTA and 7.01 CaCl2; and preactivating solution contained 0.07 EGTA. Ionic strength of all solutions was adjusted to 180 mM with potassium propionate. Solutions containing different amounts of free Ca 2ϩ were prepared by mixing appropriate volumes of solutions of pCa 9.0 and pCa 4.5.
Apparatus and experimental protocols. Skinned multicellular ventricular myocardium for mechanical experiments was prepared and attached to the arms of a position motor and force transducer as previously described (9) . Motor position and force signals were sampled using SLControl software (6) and saved to computer files for later analysis. All mechanical measurements were performed at 22°C, and sarcomere length was set to 2.1 m. Data presented for all of the baseline mechanical experiments were the average of 20 fibers from 5 mice per group, and 12 fibers from 4 mice per group for PKA experiments.
Force-pCa Relationships
Methods for obtaining and analysis of force-pCa relationships are described in detail elsewhere (9) . Briefly, each myocardial preparation was allowed to develop steady force in solutions of varying free Ca 2ϩ concentration ([Ca 2ϩ ]). The difference between steady-state force and the force baseline obtained after the 20% slack step was measured as the total force at that free [Ca 2ϩ ]. Active force was then calculated by subtracting Ca 2ϩ -independent force in solution of pCa 9.0 from the total force and was normalized to the cross-sectional area of the preparation, which was calculated from the width of the preparations assuming a cylindrical cross section. Force-pCa relationships were constructed by expressing submaximal force (P) at each pCa as a fraction of maximal force (P o) determined at pCa 4.5, i.e., P/Po. The apparent cooperativity in the activation of force development was inferred from the steepness of the force-pCa relationship and was quantified using a Hill plot transformation of the force-pCa data. The force-pCa data were fit using the equation
where n is the Hill coefficient and k is the [Ca 2ϩ ] required for half-maximal activation (i.e., pCa50).
Rate of Force Development
The rate constant of force development (ktr) was measured in skinned myocardium as a measure of the rate of transitions of cross bridges between weak-binding, non-force-generating states and strong-binding, force-generating states using a release-restretch protocol (51) . Each skinned preparation was transferred from relaxing to an activating solution containing Ca 2ϩ (sufficient for activation of ϳ10 -25% of maximal force) and allowed to generate steady-state force. The myocardial preparation was rapidly (Ͻ2 ms) slackened by 20% of its original length, resulting in a rapid reduction of force that was followed by a brief period of unloaded shortening (10 ms), after which the preparation was rapidly restretched to its original length. k tr was estimated by linear transformation of the half-time of force redevelopment, i.e., k tr ϭ 0.693/t1/2, as described previously (51) .
Stretch Activation Experiments
For stretch activation experiments, fiber length in relaxing solution was adjusted to achieve a sarcomere length of ϳ2.1 m for measurement of initial isometric force and for subsequent imposition of stretch. To evoke stretch activation, a rapid stretch (ϳ10 muscle lengths per second) of 1% of muscle length was imposed on fibers that were activated to develop submaximal forces equivalent to ϳ10 -25% maximal force (P o). Submaximal Ca 2ϩ -activated force (P) was expressed as a fraction of Po generated at pCa 4.5, i.e., P/Po. The method used for measuring the stretch activation variables has been described in detail previously (52) . The amplitudes of the phases of the stretch activation responses were measured as follows: P 1, measured from prestretch steady-state force to the peak of phase 1; P2, measured from prestretch steady-state force to the minimum force value at the end of phase 2; P3, measured from prestretch steady-state force to the peak value of delayed force; and Pdf, difference between P3 and P2. All amplitudes were normalized to the prestretch Ca 2ϩ -activated force to allow comparisons between preparations. Apparent rate constants were calculated for phase 2 (krel, s Ϫ1 ) between the peak of phase 1 and the minimum of phase 2 and for phase 3 (kdf, s Ϫ1 ) from the beginning of force reuptake following phase 2 to the completion of delayed force development. krel was obtained by fitting the time course trace with a single exponential, and kdf was estimated by linear transformation of the half-time of force redevelopment as previously described (52) .
A representative stretch activation response in WT skinned myocardium is illustrated in Fig. 1 , in which a stretch of 1% of initial length was imposed on a muscle generating Ca 2ϩ -activated force that was ϳ25% maximal. The characteristic features of the stretch activation response have been elucidated in detail elsewhere (5, 20, 52) . Briefly, following achievement of steady-state force generation, acute stretch elicits an immediate increase in force (P 1), due to distortion of attached cross bridges. The force transient then begins to rapidly decay due to the detachment of strained cross bridges and reaches a minimum amplitude (P 2), which can be positive or negative (i.e., below initial prestretch force). Next, force begins to increase due to a recruitment of new cross bridges into strongly bound states mediated by an increase in muscle length and eventually reaches a new steady-state level (P 3), which is sustained over a period of several seconds before decaying back to the original isometric force.
In experiments assessing the effects of PKA (catalytic subunit of bovine PKA; Sigma) on mechanical properties, skinned preparations were first incubated for 1 h (22°C) in pCa 9.0 solution containing PKA (0.25 U/l). Mechanical properties were then measured as described above. Because PKA treatment decreased the Ca 2ϩ sensitivity of force in both WT and MyBP-C ϩ/Ϫ myocardium, it was necessary to use a pCa solution with a slightly higher [Ca 2ϩ ] to match the PKA untreated baseline isometric force.
Muscle Fiber Stiffness
Skinned myocardium was incubated in a pCa solution that yielded forces approximately half of maximal, and when the muscle fiber reached a steady-state isometric force, the muscle length was increased in a steplike fashion by 0.25, 0.5, 1.0, 1.5, 2.0, and 2.5% of initial muscle length (⌬L). Cross-bridge stiffness associated with the number of strongly bound cross bridges before stretch was estimated from the relationship between length change in ⌬L and the peak force response following stretch (P 1). Stiffness is represented as the slope of the linear regression of the relationship between P1 and ⌬L.
Quantification of Protein Expression and Phosphorylation
Ventricular tissue (n ϭ 6 -10 per group) was homogenized in buffer containing 20 mM Tris-base, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2-6H2O, 1 mM (K2)EDTA, 10% glycerol, and 1% Triton X-100, pH 7.8, with protease and phosphatase inhibitor cocktails (Sigma). Protein concentration was quantified by bicinchoninic acid (BCA) protein assay (Thermo Scientific, Lake Barrington, IL). Laemmli buffer (62.5 mM Tris·HCl, 10% glycerol, 2% SDS, 0.01% bromophenol blue, 5% ␤-mercaptoethanol, pH 6.8) was added to the samples. Ten micrograms of nonboiled protein were loaded onto 7.5% Tris·HCl gels (Bio-Rad, Hercules, CA) for analysis of sarco(endo) plasmic reticulum (SR) Ca 2ϩ -ATPase 2 (SERCA2) and Na ϩ -Ca 2ϩ exchanger 1 (NCX1) levels, and 14 g of nonboiled protein were loaded onto 3-8% Tris-acetate gels (Bio-Rad) for ryanodine receptor 2 (RyR2). Samples were boiled for 10 min, and 10 g of protein were loaded onto 10% Tris·HCl gels (Bio-Rad) for phosphorylated (p-) Ser 273 /Ser 282 /Ser 302 MyBP-C (pMyBP-C273, pMyBP-C282, and pMyBP-C302) as well as MyBP-C (14), and 10 g of boiled samples were loaded onto 15% Tris·HCl gels (Bio-Rad) for phosphorylated (p-)Ser 23/24 troponin I (pTnI) as well as TnI, and phosphorylated (p-)Ser 16 /Thr 17 phospholamban (pPLB16 and pPLB17) as well as PLB. Heat shock chaperone 70 (HSC70) was chosen to serve as a loading control. For RyR2, gels were run at 150 V for 1 h 45 min and then transferred to polyvinylidene difluoride (PVDF) membranes at 30 V at 4°C for 30 h and 70 V for 1 h. For the rest of the target proteins, gels were run at 200 V for 1 h and then transferred to PVDF membranes at 100 V for 45 min. Membranes were incubated at 4°C overnight with 1:1,000 anti-MyBP-C (sc-67353; Santa Cruz Biotechnology), 1:1,000 anti-pMyBP-C273, 1:1,000 anti-pMyBP-C282, 1:1,000 anti-pMyBP-C302 (custom-made from 21st Century Biochemicals, Marlborough, MA), 1:1,000 anti-TnI (4002S; Cell Signaling Technology, Danvers, MA), 1:1,000 anti-pTnI (4004S; Cell Signaling Technology), 1:1,000 anti-SERCA2 (MA3-919; Thermo Scientific), 1:1,500 anti-NCX1 (MA1-4672; Thermo Scientific), 1:1,000 anti-PLB (05-205; Millipore, Billerica, MA), 1:1,000 anti-pPLB16 (07-052; Millipore), 1:5,000 anti-pPLB17 (A010-13; Badrilla, Leeds, UK), at room temperature for 30 min with 1:2,000 anti-HSC70 (sc-7298; Santa Cruz Biotechnology), and at room temperature overnight with 1:300 anti-RyR2 (MA3-916; Thermo Scientific), followed by incubations with the appropriate secondary antibodies. Membranes were incubated with chemiluminescence reagents (Thermo Scientific) and exposed to films. Densitometry of bands was determined using ImageJ software (NIH).
To assess regional MyBP-C expression in the hearts of MyBP-C ϩ/Ϫ mice, LV tissues were isolated from the apex, mid-LV, and base (5-6 hearts per region). Tissues were then prepared and loaded onto gels for quantification of MyBP-C expression by Western blot as described above.
The protein content of cardiac myosin heavy chain (MHC)-␣ and -␤ were determined via gel electrophoresis as previously described (62) . Ventricular tissue (n ϭ 5) was homogenized in radioimmunoprecipitation assay buffer. The protein concentration was quantified by BCA protein assay (Thermo Scientific). Ten micrograms of protein were loaded onto a 6% acrylamide gel cross-linked with N-N= diallyltartardiamide as previously described (62) . The gel was run at 10-mA constant current for 19 h at 4°C. Bands were detected using Silver Stain Plus (Bio-Rad) per manufacturer's protocol. The densitometry was analyzed using the GelBandFitter analysis program as previously described (37) .
For the rest of the myofibrillar proteins, the ventricular tissue (n ϭ 4) was harvested and purified for myofibrillar proteins using a protocol previously described (30) . Ten micrograms of protein were loaded onto 10% Tris-glycine mini gels, and the gels were run at 150 V for 1.5 h, followed by Pro-Q Diamond phosphoprotein gel staining (Invitrogen) per manufacturer's protocol. The same gel was then stained with Silver Stain Plus (Bio-Rad) per manufacturer's protocol for total protein expression. Densitometry of bands was determined using ImageJ (NIH). The degree of phosphorylation of a given protein was determined by the slope of a first-order linear regression generated on basis of the Pro-Q optical density and protein content loaded as previously described (53) .
To determine the effect of PKA treatment on the level of phosphorylation of MyBP-C and other myofilament proteins, skinned myocardium was isolated from WT and MyBP-C ϩ/Ϫ hearts and incubated with PKA (1 U/l) for 1 h at 30°C as previously described (57) . The samples were then denatured with Laemmli buffer, and the protein content was quantified using BCA protein assay. Ten micrograms of boiled samples were loaded onto 4 -20% Tris-glycine mini gels, and the gels were run at 150 V for 1.5 h, followed by Pro-Q Diamond phosphoprotein gel staining per manufacturer's protocol. The same gel was then stained with Coomassie blue for total protein expression.
Statistical Analysis
All statistical analyses were performed using SigmaStat software. Regional differences in MyBP-C expression between the apex, mid-LV, and base of MyBP-C ϩ/Ϫ myocardium were determined using one-way ANOVA. All the other analyses were done via Student's t-test. Significance was established at P Ͻ 0.05. Data are means Ϯ SE.
RESULTS
Myofilament Protein Content and Phosphorylation
The expression and phosphorylation levels of MyBP-C and other regulatory myofibrillar proteins were quantified in adult animals at age ϳ6 mo. The overall expression of MyBP-C in MyBP-C ϩ/Ϫ hearts was 32% lower than in WT hearts (Fig. 2B) , which was greater than the 25% decline we previously observed in younger MyBP-C ϩ/Ϫ mice 2-3 mo of age (15) . Further analysis of the pattern of MyBP-C expression in the LV of MyBP-C ϩ/Ϫ hearts revealed that MyBP-C expression (normalized to HSC70) was significantly lower in samples isolated from the mid-LV region compared with samples isolated from the apex and base regions (Fig. 2C) . Although it is difficult to directly compare MyBP-C expression values derived from a regional LV analysis and a whole LV analysis, the results suggest that MyBP-C haploinsufficiency causes a greater decrease in MyBP-C expression in the mid-LV region compared with the apex and base in MyBP-C ϩ/Ϫ hearts. The phosphorylation levels of the remaining MyBP-C (normalized to MyBP-C expression) at residues Ser 273 ( Fig. 2D ), Ser 282 (Fig. 2E) , and Ser 302 (Fig. 2F ) were all decreased in MyBP-C ϩ/Ϫ myocardium compared with WT myocardium, by 45, 32, and 27%, respectively. Figure 2G shows the relative H55 MyBP-C EXPRESSION AND CARDIAC FUNCTION ratio of MyBP-C phosphorylation at each phosphorylation residue in MyBP-C ϩ/Ϫ hearts compared with its WT counterpart (which is set to 1). TnI expression (normalized to HSC70) and phosphorylation (normalized to TnI expression) (Fig. 2H) were not different between groups. Consistent with previous studies (15), we observed no differences between groups in the composition of MHC isoforms or the expression and phosphorylation of troponin T or myosin regulatory light chain (data not shown), which were quantified by silver staining and Pro-Q phosphostaining of SDS-PAGE gels.
To assess the effects of PKA treatment on MyBP-C and TnI phosphorylation, skinned myocardium preparations isolated from WT and MyBPC ϩ/Ϫ hearts were incubated with PKA before electrophoresis, and the representative Pro-Q phosphostained and Coomassie-stained gel images are shown in Fig. 2I . PKA treatment resulted in significant and comparable increases in the phosphorylation of MyBP-C and TnI in both WT and MyBP-C ϩ/Ϫ myocardium, suggesting that MyBP-C haploinsufficiency does not impair the phosphorylation of the main myofilament targets of PKA.
Steady-State Force and Dynamic Cross-Bridge Kinetics Before and After PKA Treatment
Skinned myocardium was isolated from WT and MyBP-C ϩ/Ϫ hearts to determine steady-state force-pCa relationships and for measurements of cross-bridge kinetics using a slackrestretch maneuver and the dynamic response to acute stretch. The minimum and maximum force generation in pCa 9.0 and 4.5 solutions, respectively, were not different between groups. The Ca 2ϩ sensitivity of force generation (pCa 50 ) and Hill coefficient (n H ) were also not different between groups (Table 1) . However, incubation of skinned myocardium isolated from MyBP-C ϩ/Ϫ hearts in pCa solutions that produced Ͻ15% of maximal force (pCa 6.1 and pCa 6.0) resulted in greater force production compared with WT skinned myocardium ( Table 1) . After PKA treatment, both WT and MyBP-C ϩ/Ϫ skinned myocardium displayed a similar decrease in pCa 50 (Table 1) , without a change in maximal and minimal steady-state force or n H (Table 1) .
Cross-bridge kinetics measurements in skinned WT and MyBP-C ϩ/Ϫ myocardium were performed in pCa solutions that yielded similar isometric forces (P/P o ϭ ϳ0.10 and 0.25) to account for slightly increased Ca 2ϩ sensitivity of force in MyBP-C ϩ/Ϫ fibers. Skinned myocardium isolated from MyBP-C ϩ/Ϫ hearts exhibited accelerated rates of force development (k tr ) compared with WT (Table 2) . A representative k tr trace recorded from WT and MyBP-C ϩ/Ϫ skinned myocardium is presented in Fig. 3A . After PKA treatment, both WT and MyBP-C ϩ/Ϫ skinned myocardium displayed accelerated k tr ; however, the relative increase was greater in WT myocardium such that basal differences in k tr were no longer apparent following PKA treatment (Table 2) .
Stretch activation experiments revealed that the rate of delayed cross-bridge recruitment (k df ) was accelerated in MyBP-C ϩ/Ϫ skinned myocardium compared with WT, but the rate of cross-bridge detachment (k rel ) was not different between groups ( Table 2 ). The net delayed recruitment of cross bridges following stretch (P 3 ) was similar between groups at both activation levels; however, the greater decline in the amplitudes of P 2 following stretch in MyBP-C ϩ/Ϫ skinned myocardium increased the overall amplitude of the phase 3 force transient compared with that in WT, as indicated by a larger increase in P df for MyBP-C ϩ/Ϫ (Table 2 ). Similar to k tr measurements, PKA treatment of WT and MyBP-C ϩ/Ϫ skinned myocardium resulted in accelerated cross-bridge kinetics, indicated by increases in k df and k rel , and there were no differences in k df between groups following PKA treatment ( Table  2) . Consistent with previous studies (53, 57) , PKA treatment significantly decreased the P 2 amplitude, thereby resulting in an increase in P df for both groups (Table 2) .
Stepwise rapid stretches of increasing ⌬L (0.25-2.5%) were imposed on skinned myocardium isolated from WT and MyBP-C ϩ/Ϫ hearts at steady-state activations of ϳ50% of maximal activation. The peak amplitude of the force transient following stretch normalized to prestretch isometric force (P 1 amplitude) was plotted against stretch length (⌬L) as an estimate of muscle fiber stiffness. The amplitude of P 1 was significantly smaller for MyBP-C ϩ/Ϫ skinned myocardium at stretch lengths Ͼ0.25% of muscle length, and the slope of the relationship between stretch (⌬L) and tension (P 1 amplitude) was shallower, indicating a decrease in cross-bridge stiffness (Fig. 3B) .
Isolated Myocyte Contractile Properties
To evaluate the in vitro contractile properties, we assessed sarcomere shortening in intact ventricular cardiomyocytes isolated from WT and MyBP-C ϩ/Ϫ hearts. Representative tracings of sarcomere shortening are shown in Fig. 4A . Diastolic sarcomere length was not different between groups (Fig. 4B) ; however, the percentage of sarcomere shortening (normalized Data are means Ϯ SE of measurements performed in pCa solutions yielding similar isometric forces (P/Po ϭ ϳ0.10 and 0.25). ktr, rate constant of force development after slack-restretch maneuver; kdf, rate constant of force development during stretch activation; krel, rate constant of force decay during stretch activation; P2, the change between prestretch steady-state force and the minimum force value at the end of phase 2 of stretch-activation protocol; P3, the change between prestretch steady-state force and the peak value of delayed force of stretch-activation protocol; Pdf: the difference between P3 and P2. Comparisons were made at equivalent levels of activation. Data are averages from 20 (ϪPKA) and 12 fibers/group (ϩPKA). *P Ͻ 0.05 compared with WT. †P Ͻ 0.05 compared with untreated (ϪPKA).
to diastolic sarcomere length) was depressed in MyBP-C ϩ/Ϫ myocytes compared with WT myocytes (Fig. 4C) . The rate of sarcomere shortening (ϪdL/dt) was also depressed in MyBP-C ϩ/Ϫ myocytes compared with WT myocytes (Fig. 4D ), but the rate of sarcomere relengthening (ϩdL/dt) was not different between groups (WT: 1.21 Ϯ 0.08 m/s, MyBP-C ϩ/Ϫ : 1.16 Ϯ 0.11 m/s). The time to peak shortening was shorter in MyBP-C ϩ/Ϫ myocytes compared with WT myocytes (Fig. 4E) ; however, the time to 50% relaxation (WT: 0.16 Ϯ 0.01 s, MyBP-C ϩ/Ϫ : 0.14 Ϯ 0.01 s), time to 90% relaxation (WT: 0.23 Ϯ 0.01 s, MyBP-C ϩ/Ϫ : 0.22 Ϯ 0.01 s), and the relaxation time constant (Fig. 4F) were not different between groups.
Myocyte Ca 2ϩ Handling Properties
In (Fig. 5D ).
Expression and Phosphorylation of Ca 2ϩ Handling Proteins
To determine if differences in myocyte contractile function were related to Ca 2ϩ handling properties, the expression and phosphorylation of several key Ca 2ϩ handling proteins were quantified by Western blot analysis. The expression of Ca 2ϩ handling proteins (all normalized to HSC70) examined in this study were not different between groups, which is consistent with a lack of difference between groups in Ca 2ϩ transient measurements. This includes RyR2, the Ca 2ϩ -releasing channel (WT: 0.68 Ϯ 0.10, MyBP-C ϩ/Ϫ : 0.60 Ϯ 0.08); SERCA2, the primary protein responsible for sequestering Ca 
In Vivo Hemodynamic Function
In vivo LV hemodynamic function was assessed in WT and MyBP-C ϩ/Ϫ hearts by pressure-volume catheterization at BL and following Dob infusion. HR was not different between groups (Table 3 ). The end-systolic pressure (ESP) was not different between groups; however, end-diastolic pressure (EDP) was elevated in MyBP-C ϩ/Ϫ hearts at BL (Table 3) , which could be indicative of diastolic dysfunction. EF was not different between groups; however, there was evidence for systolic dysfunction in MyBP-C ϩ/Ϫ hearts, indicated by a decrease in dP/dt max compared with that in WT hearts at BL (Table 3) . Additionally, differences in dP/dt max between groups were no longer apparent after Dob treatment ( Table 3) . The relaxation time constant was not different between groups at BL or after Dob treatment (Table 3) .
Echocardiography
We also investigated the degree of chamber remodeling and in vivo LV function of the hearts using echocardiography. Body weight, LV mass-to-body weight ratio, posterior wall thickness at end diastole, ESD, and EDD were all comparable between groups ( Table 4 ), indicating that MyBP-C ϩ/Ϫ hearts did not display evidence of hypertrophy. Consistent with previous reports (7, 22) , we did not observe any functional differences between groups, including EF, FS, ejection time, and isovolumic relaxation time (Table 4) .
Histological Assessment of Cardiac Morphology
We performed histological staining studies on cross sections isolated from WT and MyBP-C ϩ/Ϫ hearts, and representative images are presented in Fig. 6 . Masson's trichrome-stained cross sections at mid-LV level revealed similar LV geometry in both groups, with no obvious chamber remodeling or hypertrophy (Fig. 6A) . Also, there was no overt fibrosis in either group, because very little blue staining was detectable (Fig.  6A) . Additionally, H&E staining showed no appreciable differences in cardiomyocyte morphology (Fig. 6B) , because no cellular hypertrophy or disarray was evident in either group.
Electrocardiography
To further explore the in vivo mechanisms of MyBP-C deficiency in the heart, we performed continuous ECG recordings in conscious animals using surgically implanted radio telemetry devices. The representative ECG waveforms of WT and MyBP-C ϩ/Ϫ mice are shown in Fig. 7 . The RR interval, P-wave duration, and PR interval were not different between groups; however, the QRS duration, QT interval, and QTc interval were all prolonged in MyBP-C ϩ/Ϫ mice compared with WT mice (Table 5 ).
DISCUSSION
The majority of FHC mutations in MyBP-C are predicted to result in MyBP-C haploinsufficiency; however, the link between decreased MyBP-C expression and the development of cardiac dysfunction is not clear. We have previously shown that hearts of young MyBP-C ϩ/Ϫ mice (i.e., 8 -10 wk of age) display impairments in in vivo mechanical function, which is related to altered myofilament function (15) . However, the functional effects of decreased MyBP-C expression in the sarcomeres of MyBP-C ϩ/Ϫ hearts on myofilament behavior and posttranslational modifications and on regulatory mechanisms downstream from the myofilaments, such as Ca 2ϩ homeostasis and the electrical activity in the heart, have not been thoroughly investigated. We found that partial MyBP-C deficiency in the heart produced altered function at the molecular and whole organ levels, and these alterations occurred in the absence of LV chamber remodeling and hypertrophy.
Our results show that reduced expression and phosphorylation of MyBP-C accelerated rates of cross-bridge attachment at low Ca 2ϩ and reduced cross-bridge stiffness in skinned myocardium. Altered myofilament function in turn contributed to reduced sarcomere shortening, ϪdL/dt, and time to peak shortening in intact myocytes isolated from MyBP-C ϩ/Ϫ hearts without any alterations in Ca 2ϩ transient kinetics. In vivo hemodynamic systolic and diastolic function in MyBP-C ϩ/Ϫ hearts were also impaired as evidenced by decreased dP/dt max and elevated EDP, respectively. Furthermore, basal differences in cross-bridge behavior and in vivo contractile function between WT and MyBP-C ϩ/Ϫ mice were largely reversed following ␤-adrenergic stimulation by PKA and Dob, respectively. ECG measurements in conscious animals revealed prolonged QRS, QT, and QTc durations in MyBP-C ϩ/Ϫ animals, which may predispose them to an increased risk of arrhythmia and SCD. Collectively, these data demonstrate that in a mouse model that closely mimics the loss of MyBP-C expression in the sarcomere as in human patients carrying MyBP-C mutations, the primary consequence that contributes to impaired in vivo mechanical and electrical function in the heart is abnormal myofilament contractile function.
We observed a significant increase in the rates of force development (k tr ) and stretch-induced cross-bridge recruitment (k df ) at low levels of Ca 2ϩ activation in MyBP-C ϩ/Ϫ skinned myocardium, the latter being consistent with results from our previous study (15) . Assuming that k tr is the sum of the forward (f) and reverse (g) rate constants of the transitions between force-generating and non-force-generating cross-bridge states, the lack of acceleration in k rel in MyBP-C ϩ/Ϫ skinned myocardium suggests that accelerated k tr was mostly due to accelerated cross-bridge recruitment and transitions to force-generating states (i.e., greater f). It has previously been shown that complete ablation of MyBP-C in the sarcomere of MyBP-C Ϫ/Ϫ mice radially displaces the heads of myosin cross bridges closer to actin and increases the probability of actomyosin interactions, thereby accelerating rates of cross-bridge recruitment and force generation (11) . Force generation at low Ca 2ϩ activation is highly cooperative in that strong binding of cross bridges to actin can promote further cross-bridge recruitment within the thin filament. At low levels of Ca 2ϩ activation, cooperative cross-bridge recruitment slows the rate of force development as strongly bound cross bridges gradually recruit additional cross bridges into strongly bound force-generating states. It is possible that although the decrease in MyBP-C expression in the MyBP-C ϩ/Ϫ sarcomere is substantially smaller than in the MyBP-C Ϫ/Ϫ mouse, it may be sufficient to enhance the probability of actomyosin interactions in regions of the sarcomere where MyBP-C is absent (15, 55) by accelerating rates of cross-bridge binding throughout the sarcomere, thereby reducing the time course of cooperative cross-bridge recruitment and accelerating force development. At higher levels of Ca 2ϩ activation, force generation becomes less dependent on cross bridge-induced cooperative recruitment of cross bridges, because increased binding of Ca 2ϩ to troponin C would recruit the majority of available cross bridges to interact with open actin sites. Cross-bridge kinetics were not different between WT and MyBP-C ϩ/Ϫ skinned myocardium at Ca 2ϩ activations yielding forces greater than ϳ30% of maximal (data not shown), suggesting that decreased MyBP-C expression accelerates cooperative recruitment of cross bridges. Accelerated rates of cross-bridge kinetics at low Ca 2ϩ activation in MyBP-C ϩ/Ϫ skinned myocardium were also accompanied by an increase in steady-state force generation (Table  1 ). An increase in steady-state force at low Ca 2ϩ activations was also previously noted in MyBP-C Ϫ/Ϫ skinned myocardium (51), which can be attributed to increased actomyosin interactions due to the closer juxtaposition of actin and myosin in the absence of MyBP-C (11). Thus it is possible that a decrease in MyBP-C content in MyBP-C ϩ/Ϫ skinned myocardium may also contribute to increased force generation by a mechanism similar to that in MyBP-C Ϫ/Ϫ skinned myocardium. Moreover, because we observed an increase in the rate of stretch-induced cross-bridge recruitment (k df ) but not cross-bridge detachment (k rel ) in MyBP-C ϩ/Ϫ myocardium, it is possible that increased force generation at low Ca 2ϩ activations may reflect an increase in the number of cross bridges bound at a given time without a decrease in the amount of time cross bridges are in strongly bound states (i.e., no change in rates of cross-bridge detachment). Furthermore, because MyBP-C phosphorylation has been proposed to decrease force generation at submaximal Ca 2ϩ activations (9), presumably by decreasing the time that cross bridges are in strongly bound states (12) , the overall decrease in MyBP-C phosphorylation in MyBP-C ϩ/Ϫ hearts could also have contributed to increased cross-bridge dwell time, and thereby force generation.
Basal differences in cross-bridge kinetics between WT and MyBP-C ϩ/Ϫ skinned myocardium were abolished following treatment with PKA (Table 2) , because both groups displayed accelerations in k tr and stretch activation kinetics. The overall response to PKA was smaller in MyBP-C ϩ/Ϫ compared with WT skinned myocardium due to a reduction in the amount of MyBP-C in the sarcomere available to be phosphorylated. However, the data suggest that reduced MyBP-C expression in MyBP-C ϩ/Ϫ myocardium does not impair the ability to accel- Data are means Ϯ SE of responses determined at baseline (BL) or 5 min after dobutamine (Dob) injection. HR, heart rate; ESP, end-systolic pressure; EDP, end-diastolic pressure; EF, ejection fraction; dP/dtmax, peak rate of pressure rise; , relaxation time constant. Data are averages from 9 mice/group. *P Ͻ 0.05 compared with WT. erate cross-bridge kinetics in response to PKA phosphorylation. The decrease in Ca 2ϩ sensitivity following PKA phosphorylation was also similar in WT and MyBP-C ϩ/Ϫ skinned myocardium ( Table 1 ), suggesting that decreased MyBP-C expression also does not impair PKA-dependent TnI phosphorylation.
The presence of MyBP-C in the sarcomere and its phosphorylation have been shown to be important for maintaining mechanical rigidity of the myofilament lattice, which is an important determinant of the properties of cross-bridge binding to actin (39, 42) , and a decrease in both MyBP-C content and MyBP-C phosphorylation in the sarcomeres has been shown to significantly reduce radial and longitudinal lattice stiffness (42) . Consistent with this notion, we found that skinned myocardium isolated from MyBP-C ϩ/Ϫ hearts displayed reduced cross-bridge stiffness compared with WT skinned myocardium when subjected to stepwise acute stretches at half-maximal Ca 2ϩ activations (Fig. 3B) . Furthermore, we observed a greater decline in the minimum amplitude of the force transient (P 2 ) following stretch in MyBP-C ϩ/Ϫ skinned myocardium at low Ca 2ϩ activations (Table 2) , corresponding to greater crossbridge detachment in response to stretch, which may suggest increased cross-bridge compliance (50, 53) . The precise mechanisms for decreased cross-bridge stiffness in MyBP-C ϩ/Ϫ myocardium in response to acute stretch are unclear but are unlikely to be due to differences in the number of strongly bound cross bridges prior to stretch because steady-state force at half-maximal activation was not different between WT and MyBP-C ϩ/Ϫ skinned myocardium. Rather, it is possible that individual MyBP-C ϩ/Ϫ cross bridges are inherently more compliant and detach more easily when subjected to significant strain such as acute stretch. It has been proposed that MyBP-C normally provides a significant elastic and viscous load that is important for storing elastic recoil energy to facilitate subsequent relaxation function (42) . Thus a decrease in cross-bridge stiffness resulting in more compliant myofilaments in MyBP-C ϩ/Ϫ hearts may impair LV mechanical relaxation in vivo, as we have previously observed (15) .
A few studies have examined the mechanical properties of skinned myocardium isolated from human hearts expressing MyBP-C mutations (23, 58, 59 ). These investigations have consistently shown decreased MyBP-C expression, MyBP-C phosphorylation, and TnI phosphorylation, which together result in large deficits in maximal force generation and increases in submaximal force generation (when expressed relative to maximal force). Although the decrease in MyBP-C expression in the hearts of the MyBP-C ϩ/Ϫ mice studied presently (32%) mirrors the loss of MyBP-C in myectomy samples from hearts of human patients expressing MyBP-C truncation mutations (33%) (58, 59), we did not observe any changes in maximal force generation between MyBP-C ϩ/Ϫ and WT skinned myocardium. Furthermore, the increases in submaximal force generation in MyBP-C ϩ/Ϫ skinned myocardium were small and limited to very low activation levels (Ͻ15% of maximal). It is likely that altered steady-state force generation in skinned myocardium isolated from human MyBP-C truncation mutation carriers is related to large decreases in TnI phosphorylation (58, 59) . However, the finding that myectomy samples isolated from human FHC hearts that did not express MyBP-C mutations displayed similar force generation properties suggests that these changes are general features related to FHC and not decreased MyBP-C expression per se (59) . Thus our results suggest that in the absence of LV remodeling and activation of compensatory cascades, the initial response to MyBP-C insufficiency is an acceleration in the rates of cross-bridge attachment at low Ca 2ϩ activation and increased steady-state force generation, which in conjunction with decreased MyBP-C phosphorylation result in decreased cross-bridge stiffness.
Impairments in cardiac contractility can be mediated by disruptions in Ca 2ϩ cycling at the SR, which modulates the availability of Ca 2ϩ to the myofilaments, and thereby force generation. We investigated whether MyBP-C insufficiency in MyBP-C ϩ/Ϫ sarcomeres results in altered Ca 2ϩ -handling properties in intact myocytes. Indeed, MyBP-C ϩ/Ϫ myocytes displayed abnormal in vitro contractile properties as evidenced by reduced sarcomere shortening, ϪdL/dt, and a reduced time to peak shortening. However, altered MyBP-C ϩ/Ϫ myocyte contractility was not related to changes in baseline Ca 2ϩ levels, Ca 2ϩ release kinetics, peak Ca 2ϩ transient amplitude, and Ca 2ϩ transient clearance/decay. The expression and phosphorylation of Ca 2ϩ handling proteins responsible for the individual components of Ca 2ϩ transient measurements were not different between groups with the exception of decreased pPLB16 in MyBP-C ϩ/Ϫ hearts. However, we did not observe differences in the rates of the Ca 2ϩ transient decay; therefore, it is unlikely that in this case decreased pPLB16 significantly affected SERCA2 function. Interestingly, faster Ca 2ϩ transient decay was seen in myocytes isolated from a knockin mouse model expressing an FHC missense mutation in MyBP-C that results in decreased MyBP-C expression and a large increase in Ca 2ϩ sensitivity, and was hypothesized to be a compensatory mechanism to improve diastolic relaxation in the hypercontractile MyBP-C mutant knockin hearts (18) . In contrast, the increases in Ca 2ϩ sensitivity of force generation observed in the present study in MyBP-C ϩ/Ϫ skinned myocardium may not have been substantial enough to invoke a compensatory response in Ca 2ϩ clearance, suggesting that depressed MyBP-C ϩ/Ϫ myocyte contractile behavior was due to impaired myofilament function rather than altered Ca 2ϩ -handling properties. Consistent with previous investigations employing echocardiography to study contractile function in heterozygous null MyBP-C hearts (7, 22) , we did not find differences in LV chamber wall dimensions or indexes of cardiac function compared with WT hearts (Table 4) . However, invasive pressurevolume catheterization studies revealed that despite relatively preserved EF, MyBP-C ϩ/Ϫ hearts displayed significantly depressed dP/dt max compared with WT hearts, indicative of systolic dysfunction (Table 3 ). This finding differs from a previous study that found no significant changes in contractile function between WT and MyBP-C ϩ/Ϫ hearts at 9 mo of age (7). The causes for the differences between studies are unclear but may reflect differences in the genetic backgrounds of the MyBP-C ϩ/Ϫ animals employed and, perhaps, may be due to the greater decrease in cardiac MyBP-C expression in the mice used here (ϳ32%) compared with those used by Carrier et al. (7) (ϳ25%), and/or MyBP-C phosphorylation, which was not reported by Carrier et al. (7), all of which can contribute to the more pronounced contractile impairments observed in the present study. Our finding that dP/dt max was not different between WT and MyBP-C ϩ/Ϫ hearts following Dob treatment (Table 3 ) suggests that decreased MyBP-C phosphorylation may have contributed to basal systolic impairment in MyBP-C ϩ/Ϫ hearts and underscores the importance of MyBP-C phosphorylation in maintaining normal cardiac function.
Impaired systolic function in MyBP-C ϩ/Ϫ hearts is consistent with measurements in intact myocytes showing reduced sarcomere shortening and rates of sarcomere shortening (ϪdL/ dt). In addition to systolic dysfunction, MyBP-C ϩ/Ϫ hearts also display evidence for diastolic dysfunction, as evidenced by increased EDP, compared with WT hearts. Although the increase in EDP in MyBP-C ϩ/Ϫ hearts is modest, it could be indicative of the early phases of diastolic dysfunction that could further impair systolic function. Elevated EDP can be associated with decreased LV compliance (21) , which in this case could be due to enhanced cross-bridge binding and accelerated rates of force generation in skinned myocardium and to reduced time to peak shortening in intact myocytes at low cytosolic Ca 2ϩ concentrations. Ultimately, this hypercontractile state prevents the myofilaments from relaxing completely, thereby impairing ventricular filling during diastole (18, 44) .
Our finding here that in vivo systolic function is impaired in MyBP-C ϩ/Ϫ hearts is consistent with previous data showing depressed systolic torsion and circumferential strain in MyBP-C ϩ/Ϫ hearts compared with WT hearts (15) . Although accelerated rates of cooperative cross-bridge activation and force generation at low Ca 2ϩ activations in MyBP-C ϩ/Ϫ skinned myocardium would be expected to enhance systolic function in vivo, MyBP-C ϩ/Ϫ hearts displayed depressed dP/dt max . The precise cause for systolic dysfunction in MyBP-C ϩ/Ϫ hearts is unclear but could be related to a disruption in the timing of fiber shortening in early-and late-activated regions of the heart during the early isovolumic contraction phase due to accelerated cross-bridge kinetics at submaximal workloads. De-pressed mechanical function could also be due to regional inhomogeneity in rates of force development due to variable MyBP-C expression within sarcomeres such that regions with less MyBP-C content may exhibit accelerated cross-bridge kinetics compared with regions with higher MyBP-C content, which ultimately results in uncoordinated sarcomere shortening and stretching. We found that MyBP-C expression in MyBP-C ϩ/Ϫ hearts was more depressed in the mid-LV region compared with the apex and base (Fig. 2C) . The cause of the differences in regional MyBP-C expression in MyBP-C ϩ/Ϫ hearts is unclear, but a greater decrease in MyBP-C expression in the mid-LV is consistent with our previous observations in younger MyBP-C ϩ/Ϫ mice, which shows that the mid-LV region displays greater mechanical dysfunction than the apex and base as evidenced by greater abnormalities in measurements of radial and circumferential strains (15) . Furthermore, LV rotational mechanics during systole were particularly depressed in the regions between the mid-LV and base in MyBP-C ϩ/Ϫ mice, resulting in a decrease in overall LV twist, which compromises systolic function and efficiency (15) .
Arrhythmia-induced SCD is the most common cause of death in FHC patients (33) and can affect young and asymptomatic individuals. LV hypertrophy is considered an independent risk factor for SCD (49) ; however, in many cases arrhythmia and SCD occur in the absence of overt LV hypertrophy (1, 31, 32, 60, 63) . In this study we recorded electrical activity in unanesthetized ambulatory MyBP-C ϩ/Ϫ and WT mice, and despite a lack of LV hypertrophy, MyBP-C ϩ/Ϫ hearts displayed abnormal ECG patterns associated with increased risk of arrhythmia and cardiac dysfunction. Specifically, MyBP-C ϩ/Ϫ mice had prolonged QT intervals compared with WT mice, perhaps indicative of prolonged action potential duration and ventricular repolarization (46, 47) , a feature that has also been documented in patients carrying MyBP-C mutations (27) . Furthermore, we also observed a prolongation of ventricular depolarization, as evidenced by an increase in QRS duration in MyBP-C ϩ/Ϫ mice compared with WT mice, which is associated with impaired ventricular conductance (46, 47) . The precise causes that underlie the abnormal ECG patterns in MyBP-C ϩ/Ϫ animals are unclear; however, enhanced myofilament Ca 2ϩ -sensitivity and dyssynchronous mechanical function have been implicated as potential triggers for abnormal cardiac electrical activity (24, 28, 54) , and both of these characteristics have been observed in MyBP-C ϩ/Ϫ hearts (present study and Ref. 15 ). Regardless of the mechanisms, our ECG data suggest that MyBP-C ϩ/Ϫ animals are at an increased risk for developing arrhythmias, especially in conditions of increased cardiac stress.
Collectively, our data show that decreased expression of MyBP-C in MyBP-C ϩ/Ϫ hearts and concomitant downregulation of MyBP-C phosphorylation in the sarcomere results in altered cross-bridge function at the myofilament level and contributes to in vivo contractile dysfunction and ECG abnormalities. Myofilament dysfunction in MyBP-C ϩ/Ϫ hearts was not accompanied by compensatory adaptations in Ca 2ϩ transient kinetics and was independent of changes in LV chamber remodeling and hypertrophy. Because decreased MyBP-C expression is a common feature in MyBP-C-mediated FHC, increasing MyBP-C expression in the sarcomeres in MyBP-Cdeficient hearts may normalize cross-bridge function, thereby providing a therapeutic application to delay the emergence of FHC or reverse the pathological course of the disease (35) .
